In this work we examine the low-temperature magnetic properties of the two double-perovskite compounds Sr 2 CuWO 6 and Sr 2 CuMoO 6 using magnetic susceptibility, muon spin rotation and relaxation, and neutron powder diffraction measurements. Additionally, the most relevant spin exchange interaction constants are derived from ab initio electronic structure calculations, aided by x-ray absorption spectroscopy. The compounds exhibit quasi-two-dimensional magnetic properties, with broad maxima at T max = 83 and 95 K for Sr 2 CuWO 6 and Sr 2 CuMoO 6 , respectively. However, three-dimensional long-range order takes place below T N = 24(1) and 28(2) K for Sr 2 CuWO 6 and Sr 2 CuMoO 6 , respectively. Our results show that the low-dimensional magnetic correlations are mainly due to the significant next-nearest-neighbor interactions in the ab plane of the double-perovskite structure, whereas three-dimensional long-range magnetic order is caused by weaker next-nearest-neighbor interactions along the c axis. Next-nearest-neighbor interactions are also slightly frustrated by weaker nearestneighbor interactions within the ab plane. Based on these results we predict the low-temperature magnetic structure in these compounds to be type-II antiferromagnetic order of the double-perovskite lattice.
I. INTRODUCTION
Low-dimensional magnetism has been at the center of solidstate physics for several decades. Interest in this phenomenon stems partly from the fact that the parent phases of high-T c copper-oxide superconductors are two-dimensional antiferromagnets (AFMs). Moreover, superconductivity is believed to be connected to short-range magnetic fluctuations that exist just before the materials become superconducting [1] [2] [3] . The AFM copper oxides have a square lattice of S = 1 2 Cu II ions separated by oxide ions, and possess strong in-plane superexchange interactions with J 130 meV (ß1500 K) [4, 5] . Such strong interactions prevent the studies of some properties, such as magnetic specific heat, at temperatures of the order of J [5] . Therefore, finding examples of similar square lattice compounds with weaker interactions is of current interest for basic research.
The B-site ordered double-perovskite oxides A 2 CuB O 6 , where A = Sr or Ba and B is a diamagnetic hexavalent ion such as Mo, Te, W, or U, crystallize in a tetragonal structure with short Cu-O bonds in the ab plane and long Cu-O bonds along the c axis, due to the cooperative Jahn-Teller (JT) effect of the octahedrally coordinated d 9 Cu II ion (see, e.g., Ref. [6] and the references therein). While structurally threedimensional, many of these compounds show low-dimensional magnetic properties: in an ideally ordered A 2 CuB O 6 compound, the ab planes have a square-centered array of Cu II , with the half-filled Cu 3d x 2 −y 2 orbitals ordered into the ab planes by the JT distortion. This creates magnetic interactions between the neighboring Cu ions within the ab planes. As the * Corresponding author: maarit.karppinen@aalto.fi d z 2 , d yz , and d zx orbitals of Cu II are all filled, the magnetic interactions along the c axis are expected to be weak, which renders the magnetic interactions quasi-two-dimensional [6] .
What makes these A 2 CuB O 6 compounds of particular interest is that the magnetic interactions, in double perovskites where the magnetic ions are separated by an array of diamagnetic O-B -O ions, are generally an order of magnitude weaker than in compounds where the magnetic ions are only separated by oxygen. This is due to the intervening diamagnetic B ion and the long distances between the magnetic ions [7, 8] . Thus, it becomes possible to study the low-temperature lowdimensional magnetic properties in this class of compounds. Additionally, the diamagnetic B ion adds an extra degree of freedom for creative chemical substitutions, which can be used to modify and tune the magnetic properties of these materials.
In a previous study, we reported the synthesis of a series of Sr 2 Cu(W 1−x Mo x )O 6 compounds [6] . These materials all exhibit a broad maximum in their magnetic susceptibility, indicative of low-dimensional antiferromagnetic behavior. We determined the susceptibility maxima T max at 83 and 95 K and the Curie-Weiss temperatures θ of −116 and ß−300 K for Sr 2 CuWO 6 and Sr 2 CuMoO 6 , respectively. Moreover, susceptibility measurements showed no clear indication of long-range magnetic order at temperatures down to 5 K. However, another similar quasi-two-dimensional magnetic compound, Ba 2 CuWO 6 , has been found by muon spin rotation and relaxation (μSR) and neutron powder diffraction (NPD) measurements to exhibit three-dimensional long-range AFM order below T N = 28 K [9] . This temperature is significantly different than the susceptibility maximum (T max 100 K [8, 10] ) or the Weiss temperature (θ = −249 K [8] or θ = −178 K [10] ), suggesting that the interactions along the c axis, responsible for the long-range order, are relatively weak but not negligible.
In this work we report low-temperature threedimensional magnetic ordering for the two quasi-twodimensional end members Sr 2 CuWO 6 and Sr 2 CuMoO 6 of the Sr 2 Cu(W 1−x Mo x )O 6 phase diagram. As with Ba 2 CuWO 6 , the ordering temperature is relatively low compared to the overall energy scale of the magnetic interactions. We use magnetic susceptibility measurements, μSR, and NPD to study the details of these compounds at low temperatures. In addition, we calculate the most relevant spin exchange interaction constants for Sr 2 Cu(W,Mo)O 6 from first principles using density-functional theory (DFT) electronic-structure calculations. The on-site Coulomb correlation of the localized Cu 3d electrons is taken into account using the DFT + U method, and in this work we use x-ray absorption spectroscopy (XAS) data as an experimental reference in order to estimate the required value of U . Based on these computational results we explain the magnetic properties of the two compounds.
II. EXPERIMENTAL DETAILS
The Sr 2 CuWO 6 sample was synthesized by solid-state reaction of a stoichiometric mixture of SrCO 3 , CuO, and WO 3 powders. The mixture was thoroughly ground in an agate mortar together with ethanol and then calcined for 12 hours in air at 900°C. The sample was then reground, pressed into pellets, and sintered twice in air at 1000°C for 24 hours. The Sr 2 CuMoO 6 sample was synthesized under high pressure (HP). A stoichiometric mixture of SrCO 3 , CuO, and MoO 3 powders was ground and calcined at 900°C for 12 h in air. The calcined powder was sealed in a gold capsule and treated in a cubic-anvil HP apparatus (Riken-Seiki) at about 4 GPa and 900°C for 60 minutes. Additionally, a series of Sr 2 Cu(W 1−x Mo x )O 6 samples with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, and 1 were synthesized for the XAS measurements, as described elsewhere in more detail [6] .
DC magnetic susceptibility was measured between 5 and 300 K using a superconducting quantum interference device (SQUID, Quantum Design: MPMS-XL5) under a magnetic field of 10 kOe in both field-cooled (FC) and zero-field-cooled (ZFC) measurement modes.
Muon spin rotation and relaxation (μSR) experiments were performed at the General Purpose Spectrometer (GPS) instrument located at the π M3 beamline of the Paul Scherrer Institute, Switzerland. Zero-field (ZF) measurements of Sr 2 CuWO 6 and Sr 2 CuMoO 6 at various temperatures between 4 and 35 K allowed us to investigate the local magnetic properties and the appearance of long-range order. The data were analyzed using the program MUSRFIT [11] . The spectra for both compounds were fitted in the time range of t = 0.01-1 μs with the function CuWO 6 at the BL-11A POWGEN beamline, Spallation Neutron Source (SNS), Oak Ridge National Laboratory. Two frames were collected with the center wavelength of 1.066Å for full structural refinements, and 2.665Å for the detection of possible magnetic reflections at higher d-spacing values. A sample of ß5 g was packed into a vanadium sample holder filled with helium gas. Measurements were performed at temperatures of 10, 100, and 300 K. Rietveld refinements were performed with FULLPROF [13] using a d-spacing range from 0.53 to 4.60Å. The magnetic reflections of these compounds are expected to be quite weak, similarly to Ba 2 CuWO 6 [9] . Therefore, no NPD measurements were performed for the high-pressure synthesized Sr 2 CuMoO 6 sample as not much material was available for adequate data collection and detection of possible magnetic reflections.
Oxygen K-edge x-ray absorption spectroscopy (XAS) measurements were performed for Sr 2 
III. COMPUTATIONAL DETAILS
The spin exchange interactions of a magnetic solid can be modeled with exchange constants J ij between spins S i and S j at sites i and j by the spin Hamiltonian
In the Sr 2 Cu(W,Mo)O 6 compounds W and Mo are hexavalent and diamagnetic. Therefore, only interactions between the Cu II ions need to be considered. We calculate the four most relevant exchange constants for both Sr 2 CuWO 6 and Sr 2 CuMoO 6 , as presented in Fig. 1 : J 1 and J 2 are the nearestneighbor (NN) and next-nearest-neighbor (NNN) exchange constants in the ab plane, respectively. J 3 and J 4 are the NN and NNN interplanar exchange constants along the c axis, respectively.
In order to calculate the magnetic exchange constants J 1 -J 4 , we use the so-called "mapping method" [14] [15] [16] [17] . We construct five different magnetic ordering models: one ferromagnetic (FM), and four different antiferromagnetic (AFM) configurations, as presented schematically in Fig. 2 . Assuming that the total energy of the system can be divided into a nonmagnetic part with energy E 0 and a magnetic part whose energy is determined by the Hamiltonian in Eq. (2), the total energies per two formula units for the five ordered states can be written as
where
is the spin moment of the Cu II ion. The total energies can be determined from ab initio electronic bandstructure calculations. From the calculated total energies the exchange constants can be solved as
Additionally, in order to compare the overall magnitude of the calculated J ij with the experimental results, the Weiss constant θ can be calculated from the exchange constants using the mean-field approximation:
where k B is the Boltzmann constant and z i is the number of interactions J i . In order to determine the total energies of the different magnetic orderings, density-functional theory (DFT) calculations for Sr 2 CuWO 6 and Sr 2 CuMoO 6 were performed with the full-potential linearized augmented plane wave (FP-LAPW) code ELK [18] using the generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) functional. A plane wave cutoff of |G + k| max = 6.0/R min a.u.
−1 was used, where R min is the smallest muffin-tin radius in the unit cell, and the total energy was converged within 10 −6 Ha. For the density of states (DOS) calculations, a tetragonal single unit cell was used, with an 8 × 8 × 6 Monkhorst-Pack k-point grid. In order to calculate the total energies of the different magnetic orderings, larger 2 × 2 × 1 or 1 × 1 × 2 supercells were used, with either 4 × 4 × 6 or 8 × 8 × 3 Monkhorst-Pack k-point grids, respectively.
In previous work we showed that the empty Cu 3d-O 2p band of these compounds is pushed up in energy, above the W 5d-O 2p or Mo 4d-O 2p conduction band edge, by strong on-site Coulomb correlation of the localized Cu 3d electrons [6] . This correlation was taken into account by DFT + U calculations with the U -I formalism, using the "around mean field" correction for double counting. The value of U was estimated from comparison with XAS data, as discussed later. The value of the Stoner intra-atomic exchange parameter I is not expected to be greatly affected by the crystal structure, and was thus chosen as 0.90 eV, a typical value for 3d transition metals [19, 20] . No U term was used for W or Mo, as the ions are hexavalent, and the d electrons are all delocalized due to hybridization with the O 2p states [16] .
The XAS spectrum for Sr 2 CuWO 6 was simulated with CASTEP [21] , a pseudopotential-plane wave DFT code, using GGA-PBE and CASTEP's "on-the-fly" generated pseudopotentials. A plane wave cutoff of 610 eV was used. A reduced primitive unit cell was used, with a 5 × 5 × 7 MonkhorstPack k-point grid. The structural parameters from Rietveld refinement were used for all the calculations without further geometry optimization.
IV. RESULTS
The magnetic susceptibilities of Sr 2 CuWO 6 and Sr 2 CuMoO 6 as a function of temperature are shown in Fig. 3 . As we have reported before, the curves show broad maxima around T max = 83 and 95 K for Sr 2 CuWO 6 and Sr 2 CuMoO 6 , respectively, with no clear indication of a transition to a longrange-ordered magnetic state [6] . However, the susceptibility curve of Sr 2 CuMoO 6 shows a tiny kink at around 30 K, and the second derivative of it (shown in the inset of Fig. 3 ) reveals kinks at around 20-30 K for both Sr 2 CuWO 6 and Sr 2 CuMoO 6 . Similar kinks could be seen for all the samples in the Sr 2 Cu(W 1−x Mo x )O 6 series. These features may indicate a transition to a long-range-ordered state, but the susceptibility data are not conclusive enough to confirm such transitions.
To unambiguously establish the presence of a transition to a long-range-ordered state we performed μSR experiments for Sr 2 CuWO 6 and Sr 2 CuMoO 6 . In μSR, the time evolution of the polarization of a muon ensemble stopped in the sample is measured. Figure 4 shows the ZF μSR spectra measured for Sr 2 CuWO 6 at three different temperatures as an example. In the case of a magnetically ordered state, the spins of the initially 100% polarized muons will precess in the local field. The time evolution of their polarization then shows an oscillating component with a frequency proportional to the local field at the stopping site, described by the and Sr 2 CuMoO 6 , respectively, was observed in the μSR spectra. These temperatures can be assigned as the Néel temperatures T N where long-range magnetic order takes place. Additionally, at the same temperature the onset of a fast initial depolarization (the e −λ F t component) of the signal was observed. This reflects a fraction of muons (about 15%) probing a broad distribution of strong magnetic fields, probably due to a distribution of muon sites or to muons stopping in intergrain regions. The decay of the spectra at late times to a "tail" with an amplitude of 1/3 of the initial amplitude clearly shows that the samples are fully magnetically ordered at low temperatures. Above T N the only contribution to the signal was from the slowly decaying e −λ L t component, with λ L = 0.06 μs −1 at all temperatures, and the samples appeared paramagnetic, with no sign of quasistatic short-range order. Figure 5 displays the temperature dependence of the local magnetic field as determined from fittings of the μSR spectra for Sr 2 CuWO 6 and Sr 2 CuMoO 6 . This quantity is proportional to the size of the spontaneously ordered moment and can be taken as a measure of the magnetic order parameter. The data were fitted with the critical exponent function
where B 0 is the field at T = 0 K and β is the critical exponent. The data could be fitted well in the whole temperature range below T N , as shown in Fig. 5 , resulting in critical exponents of β = 0.23(1) for both of the compounds. Such low values of the exponent would suggest a development of low-dimensional magnetic order [22] . However, restricting the fitting to a more limited temperature range near T N , where Eq. (13) is more applicable, gave critical exponents in the range β = 0.3-0.4. The number of data points near T N was not high enough for a more detailed analysis, but these values of β are consistent with values found for 3D Heisenberg antiferromagnets [23] . The NPD patterns of Sr 2 CuWO 6 were analyzed by Rietveld refinement in order to determine the crystal structure at various temperatures. Figure 6 shows the 10 K case as an example and the refinement results of the 10, 100, and 300 K data are collected in Table I . The 300 K results are essentially identical to our previous results using laboratory x-ray diffraction [6] . The refinement results showed no sign of structural transitions with decreasing temperature, and the crystal structure of Sr 2 CuWO 6 remains tetragonal I 4/m down to 10 K. The response of the crystal structure to the decreasing temperature is very subtle: the unit cell parameter a decreases slightly, whereas the parameter c remains practically constant. In addition, the Cu-O and W-O bond lengths remain almost constant, and the main change in the structure with decreasing temperature is the decrease in the Cu-O1-W bond angle within the ab plane, due to rotation of the CuO 6 octahedra along the c axis. NPD measurements were also done with the neutron center wavelength frame of 2.665Å in order to better resolve any possible magnetic reflections related to the long-range order detected by μSR. However, comparing the pattern measured at 10 K, below T N , to the one measured at 100 K did not show any clear new reflections or changes in peak intensities that could be assigned to magnetic order. In order to calculate the exchange interaction constants J ij from first principles, as discussed in Sec. III, a value for the on-site Coulomb correlation energy U is required. Typically several different values of U are tested in order to divulge its effect on the exchange constants. Another possibility is to compare the calculations to experimental data, and choose a value of U that reproduces the measured properties. In this work we use XAS data as an experimental reference in order to estimate the value of U . XAS essentially probes the empty densities of states above the Fermi level by exciting an electron from a core level into an unoccupied state. Therefore comparing DOS calculated with different values of U to a measured XAS spectrum, we can estimate the required value of U . In the case of perovskite oxide materials, the O K-edge XAS is optimal for such comparison, as the O 2p orbitals are hybridized with all of the cations, and the spectrum therefore contains information about the empty states of all the ions. Figure 7 (a) shows the measured O K-edge XAS spectra for the Sr 2 Cu(W 1−x Mo x )O 6 samples with various Mo contents x from 0 to 1. The most relevant part of the spectra for our purposes is the multipeak-like absorption feature seen at 528-533 eV, which changes shape with increasing Mo content x. At the same time, the absorption edge moves to lower energies by about 0.8 eV when moving from Sr 2 CuWO 6 to Sr 2 CuMoO 6 , comparable to the decrease in the direct-allowed optical band gap of 0.84 eV determined in our previous work [6] . feature at 528-533 eV could be fitted with Gaussian peaks, as shown as an example for samples x = 0 and 0.3 in Fig. 7(b) . The high-pressure synthesized x = 0.8 and 1 (Sr 2 CuMoO 6 ) samples contained impurity phases, most notably SrMoO 4 (ß5%), which caused additional features overlapping those of Sr 2 Cu(W,Mo)O 6 . Thus, these two samples could not be used for more detailed analysis.
For the x = 0 sample (Sr 2 CuWO 6 ), two peaks were found: a large one with a center position at 530.4 eV and a smaller one at 531.2 eV, corresponding to a shoulder at the high-energy side of the larger peak. Figure 8 shows a comparison of the measured O K-edge XAS spectrum of Sr 2 CuWO 6 with a simulated XAS spectrum and calculated DOS with U = 0 eV. Note that the calculated XAS spectrum and DOS in Fig. 8 are shifted in energy to match the measured spectrum, as the calculations yield the spectra relative to the Fermi level, instead of absolute absorption energy. We can see that most of the features of the calculated and measured spectra agree quite well, although the calculated results are slightly compressed in the energy scale compared to the experimental results. This is due to the well-known "scaling problem," caused by the inadequacy of ground-state calculations to describe the high-energy states [24] . The large absorption peak seen in the experimental XAS spectrum at 530.4 eV corresponds to the empty W 5d-O 2p band. The major difference in the calculated spectrum compared to the experimental one is the peak around 582 eV, which is not seen in the measured spectrum. The DOS shows that this peak originates from the empty Cu 3d-O 2p band. Moreover, the small shoulder seen at 531.2 eV in the experimental XAS is missing in the calculated spectrum. From this we can conclude that the experimental absorption peak at 531.2 eV is due to the empty Cu 3d-O 2p band, pushed up in energy by the on-site Coulomb correlations, as our previous work predicted [6] .
With increasing Mo content in the series, a new peak appears at around 529.4 eV, as shown as an example in Fig. 7(b) for the x = 0.3 sample. This peak corresponds to the empty Mo 4d-O 2p band, lower in energy compared to the W 5d-O 2p band due to weaker hybridization [6] The value of U for the Cu 3d electrons in these compounds could be estimated by matching the position of the calculated Cu 3d-O 2p band to the corresponding peak seen in the experimental XAS data. Figure 9 shows the DOS calculated for Sr 2 CuWO 6 with different values of U . With increasing U the empty Cu 3d-O 2p band is progressively pushed up in energy: with U = 6 eV the Cu 3d-O 2p band is still below the W 5d-O 2p band edge, but with U = 7 eV, the bands practically overlap. However, with U = 7.5 eV the Cu 3d-O 2p band begins to emerge from the high-energy side of the W 5d-O 2p band, and with U = 8 eV the bands are already almost separated. Comparing these results to the experimental XAS data, we see that U of at least 7.5 eV is needed in order to push the Cu 3d-O 2p band high enough in energy above the W 5d-O 2p band.
While this comparison does not provide a very accurate value for U , it provides an estimate sufficient for the calculation of J ij . According to previous computational studies using the mapping method, in general an increase in the value of U causes a decrease in the calculated values of J ij [15, 25, 26] . However, the most interesting features, such as ratios of different exchange constants and their signs, are expected to remain relatively unchanged, as long as the value of U is reasonable. Thus in this study we settle with U = 7.5 eV (corresponding to U eff = U − I = 6.6 eV), as it is the smallest value of U that can reproduce the qualitative features of the experimental XAS data. This value is also reasonable in that similar values have been used before in DFT calculations for other copper-based oxide compounds [17, 19] .
The total energies of the five different magnetic orderings described in Sec. III were calculated with U = 7.5 eV for both Sr 2 CuWO 6 and Sr 2 CuMoO 6 . The results of the calculations are shown in Table II . All of the AFM orderings are lower in energy compared to the FM ordering, matching the AFM nature of these compounds. The values of the exchange constants J 1 -J 4 calculated from the total energies as per Eqs. (8)- (11) are collected in Table II . The exchange constants are qualitatively similar for both compounds, but the absolute TABLE II. Calculated total energies of the five magnetic orderings shown in Fig. 2 (per two formula units, Finally, the order of magnitude of the calculated exchange constants can be evaluated by comparing experimental Weiss constants to those calculated using Eq. (12) . These values are shown in Table II , and we can see that the calculated value for Sr 2 CuWO 6 (θ calc = −126 K) is rather close to the experimental one (θ exp = −116 K), supporting our choice of U in the calculations. In case of Sr 2 CuMoO 6 , however, the calculated θ calc = −164 K is much smaller than the experimental one (θ exp −300 K), but the trend is correct, in that the magnitude of θ increases when moving from Sr 2 CuWO 6 to Sr 2 CuMoO 6 .
V. DISCUSSION
The experimental and computational results of this study allow us to explain the magnetic properties of the two compounds, Sr 2 CuWO 6 and Sr 2 CuMoO 6 . First, the NPD results of Sr 2 CuWO 6 showed there were no structural distortions with decreasing temperature down to 10 K. Thus, the Cu ions retain their square lattice at low temperatures, without further magnetic anisotropy in the ab plane. This permits our further analysis of the magnetic properties based on the tetragonal crystal structure. Neutron powder diffraction measurements were not performed for the high-pressure synthesized Sr 2 CuMoO 6 but due to the similarity of these compounds [6] , it is expected to remain tetragonal at low temperatures as well. Naturally, this would need to be verified with additional measurements.
With decreasing temperature, the magnetic susceptibilities of these two compounds begin to deviate from a Curie-Weiss type paramagnetic behavior and go through a broad maximum at T max . Such a temperature maximum indicates an appearance of low-dimensional AFM correlations, because the temperature is of the order of the magnetic coupling strength [27] . Our calculations show that these correlations are caused mainly by the relatively strong and negative NNN interaction in the ab plane, J 2 , slightly frustrated by the NN interaction in the ab plane, J 1 . This result is in accordance with previous predictions that in such A 2 CuB O 6 -type double perovskites J 2 is relatively strong, whereas J 1 is quite weak, but not necessarily negligible [9, 10] . The temperature maximum T max characterizes the energy scale of the magnetic interactions responsible for the low-dimensional behavior [28] The relatively strong and negative J 2 together with a weaker J 1 could cause a collinear AFM order to develop within the ab plane at temperatures below T max (see, e.g., Ref. [6] and the references therein). However, the μSR results showed no indication of magnetic order between T N and T max , but instead appeared paramagnetic. Thus, if there is low-dimensional short-range order above T N , it is on a very short correlation time ( 10 −10 s), not detectable with μSR. With further decrease in temperature, the magnetic susceptibility and μSR results confirm a long-range magnetic order taking place at T N , notably below T max . Such a suppression of T N is commonly caused by low dimensionality and/or frustration of the spin system [27, 28] 6 . Based on these results, it appears that the relatively low T N compared to T max is caused by the weakness of J 4 compared to J 2 . In addition, the NNN interactions are slightly frustrated by the NN interaction J 1 , which could cause additional suppression of T N .
The T N values determined by μSR are very similar for both of the compounds, but the measured Weiss constant is notably larger for Sr 2 CuMoO 6 (θ −300 K) than for Sr 2 CuWO 6 (θ = −116 K) [6] . The "frustration index" f = |θ |/T N is therefore ß5 and ß10 for Sr 2 CuWO 6 and Sr 2 CuMoO 6 , respectively. Thus, in the case of Sr 2 CuMoO 6 the magnetic interactions appear to be more frustrated than in case of Sr 2 CuWO 6 . In general, the absolute value of f is not necessarily an indication of magnetic frustration, as it can be affected by the low dimensionality of the magnetic interactions [27, 29] . However, as both of the compounds have practically the same crystal structure [6] , the increase in f from Sr 2 CuWO 6 to Sr 2 CuMoO 6 can be assigned to enhanced magnetic frustration. This is in accordance with our calculations, which also show that the magnetic interactions are more frustrated in Sr 2 CuMoO 6 than in Sr 2 CuWO 6 .
The development of the local magnetic field, with critical exponents β = 0.3-0.4 as determined from the μSR results near T N , indicates that the magnetic order below T N in these two compounds is a regular 3D long-range order. For Ba 2 CuWO 6 , a similar value of β = 0.35 has been determined earlier [9] . In case of the double-perovskite lattice, the relatively strong negative NNN interactions, as found in this work, are expected to give rise to so-called "type-II" AFM order, with k = ( 1 2 ,0, 1 2 ) with respect to the tetragonal unit cell [30] [31] [32] . This type of AFM order has also been proposed for Ba 2 CuWO 6 based on NPD measurements [9] . In our case the NPD data did not show any magnetic reflections for Sr 2 CuWO 6 , and thus the type of the magnetic order could not be verified. This is not surprising, as quasi-low-dimensional systems often exhibit weak magnetic reflections, even when they are magnetically ordered [33, 34] . In the case of Ba 2 CuWO 6 , early NPD studies could not find magnetic reflections either [10] . In a later study of Ba 2 CuWO 6 , magnetic reflections were successfully detected at 10 K with neutron diffraction, but the ordered moment deduced from the results was only about 0.2 μ B [9] . We estimated the detection limit for the ordered magnetic moment from our measured data, assuming the type-II AFM ordering, to be around 0.5 μ B , implying that the ordered moment of Sr 2 CuWO 6 would be less than this. The nature of the longrange magnetic order of these compounds should be verified by additional high-intensity neutron diffraction studies.
While the experimental and computational results of this study agree rather well for the most part, the Weiss constant calculated for Sr 2 CuMoO 6 deviated rather notably from the experimental one, and no clear reason for this discrepancy was found. Thus, the magnetic properties of Sr 2 CuMoO 6 would require additional examination, but the requirement of highpressure synthesis conditions, and the resulting small sample size and relative impurity, makes this compound somewhat difficult to study.
VI. CONCLUSIONS
In this work we studied the low-temperature magnetic properties of Sr 2 CuWO 6 and Sr 2 CuMoO 6 using both experimental and computational methods. These two compounds exhibit quasi-two-dimensional magnetic properties, caused mainly by the NNN interaction within the ab plane of the tetragonal double perovskite structure. However, three-dimensional longrange magnetic order is attained at low temperatures due to a weaker but still substantial interplanar NNN interaction along the c axis. Both of the corresponding exchange constants are negative, and as the NN interactions are relatively weak, the expected magnetic long-range order is type-II AFM in the double-perovskite lattice.
While the main magnetic interaction responsible for the low-temperature long-range order is the interplanar NNN interaction, the interplanar NN interaction is negligible. This suggests that modifying the compounds in order to weaken or completely eliminate the NNN interaction along the c axis could result in a more strongly two-dimensional compound. In addition, our results show that the relative strength of the magnetic interactions and the resulting magnetic frustration in these compounds can be modified by chemical substitution. Thus, these double perovskites and other related structures could present a fruitful area of research for novel lowdimensional low-temperature magnetic properties.
